CG has been useful for diagnosing several heart conditions including cardiac arrhythmia, cardiac ischemia, and structural changes such as left ventricular hypertrophy. In addition, several ECG parameters (eg, bundle branch block, frontal QRS-T angle, QT interval, left ventricular hypertrophy) predict future cardiovascular events. [1] [2] [3] [4] In this context, clockwise and counterclockwise rotations of QRS transition zone in horizontal plane are long-recognized ECG findings, but their prognostic value is not fully understood. A study from Japan was the first to report that clockwise and counterclockwise rotation of QRS transition zone in 12-lead ECGs were associated with significantly higher and lower risk of mortality caused by composite cardiovascular disease (CVD) and all causes, respectively, as compared with no rotation. 5 Similar patterns for mortality were confirmed in 2 recent studies from the United States (based on the third NHANES [National Health and Nutrition Examination Survey]) 6 and Finland (based on the Finnish Social Insurance Institution's Coronary Heart Study). 7 Mortality is an important outcome but, from an etiological perspective, it is important to investigate individual CVD outcomes including nonfatal cases. In this context, it is of note that the Finnish study did not observe significant associations of QRS transition zone with hospitalizations caused by coronary heart disease (CHD) and heart failure (HF), 7 warranting further investigations. Also, those 3 previous studies looked at rotation at baseline only, and, therefore, it is unclear to what extent the rotation changes within an individual over time, what factors correlated with those changes, and whether time-varying data on rotation has prognostic information. Thus, we aimed to investigate the association of clockwise and counterclockwise rotation of QRS transition zone over 9 years, as a time-varying exposure, with subsequent risk of CVD during a median follow-up of 23 years in whites and blacks from the ARIC (Atherosclerosis Risk in Communities) study. In addition, we explored baseline factors associated with subsequent changes in QRS transition zone over 9 years.
Methods Study Participants
The ARIC study is a community-based prospective cohort with a main focus on the cause and natural history of atherosclerosis and its clinical manifestations and community burden. Between 1987 and 1989, 15 792 adults aged 45 to 64 years were enrolled from 4 US communities-northwest suburbs of Minneapolis, MN; Washington County, MD; Jackson, MS; Forsyth County, NC-and underwent a comprehensive baseline assessment. Subsequent contact included annual phone interviews, 3 short-term repeat examinations spaced 3 years apart (1990-1992, 1993-1995, and 1996-1998) , and the latest visit, which was completed between 2011 and 2013. 8 The ARIC study was approved by the institutional review board at each site. All participants also provided written informed consent. The study sample of 13 567 men and women was derived from 15 792 ARIC participants at visit 1, excluding those with race other than blacks or whites (n=48), with a history of CVD including CHD, HF, and stroke (n=1551) ( Figure S1 ). History of CHD at baseline was defined by self-reported episode of myocardial infarction, major Q waves at the baseline ECG (Minnesota Code [MC] 1.1), 9 and previous coronary revascularization. History of HF was determined on the basis of evidence of the use of HF-related medications and the Gothenburg criteria. 10 History of stroke was defined as selfreported physician diagnosis of stroke. We further excluded individuals with missing ECG data on QRS transition zone rotation or those with concomitant cardiac conditions precluding the assessment of QRS transitional rotation (ie, Wolff-Parkinson-White pattern, complete left or right bundle branch block, and intraventricular block, n=626).
Visit Examinations
Information regarding age, race, smoking status, drinking status, and education level was obtained through interviews. Body mass index (BMI) in kg/m 2 was calculated based on measured body weight and height. Diabetes mellitus was defined as a fasting glucose level of ≥126 mg/dL, a nonfasting glucose level of ≥200 mg/dL, self-reported physician diagnosis of diabetes mellitus, or on pharmacological treatment for diabetes mellitus. Hypertension was defined as systolic blood pressure ≥140 mm Hg, diastolic blood pressure ≥90 mm Hg, or taking antihypertensive medicines. Total cholesterol level and high-density lipoprotein cholesterol level were determined by enzymatic methods.
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Clinical Perspective
What is New?
• This study uniquely investigated rotations of QRS transition zone over time, their correlates, and their associations with subsequent cardiovascular outcomes including nonfatal cases.
• Diabetes mellitus and black race were significantly related to clockwise and counterclockwise conversion, respectively.
• Counterclockwise rotation was the most prevalent QRS transition zone pattern and demonstrated the lowest risk of cardiovascular outcomes and total mortality.
• Clockwise rotation was associated with the highest risk of heart failure and noncardiovascular mortality.
What Are the Clinical Implications?
• Our results support a proposal from some experts to rethink the definition of "normal" QRS transitional zone.
• Overall modest associations may question the prognostic value of QRS transitional zone. However, QRS transitional zone information is automatically obtained when ECG is assessed, and, thus, in such a case, clinical attention should be paid to persons with clockwise rotation, particularly for the risk of heart failure.
ECG Assessment
Participants underwent standard supine 12-lead ECG based on standardized protocol, with each tracing consisting of 10 seconds of each of the 12 leads simultaneously at least 1 hour after smoking or caffeine ingestion if any. An electrode locator was used to determine and standardize the positioning of chest electrodes. Tracings were sent via a phone modem to be computer coded at the ARIC ECG Reading Center. All records with significant MC findings as determined by the computer, as well as a random sample of tracings, were sent to the ECG coding center to be visually coded. Discrepancies between the computer code and visual code were adjudicated by a senior coder.
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Counterclockwise rotation was defined as MC 9-4-1, namely a QRS transition zone at V3 or rightward of V3 on chest, and clockwise rotation as MC 9-4-2, a QRS transition zone at V4 or leftward of V4 on chest. Those with neither 9-4-1 nor 9-4-2, ie, dominant S wave in V3 lead and dominant R wave in V4 lead, were categorized as no rotation (Figure 1 ). Additional ECG findings of ventricular conduction defect (MC 7-1 to 7-8), ST depression (MC 4-1 to 4-4), first-or seconddegree atrioventricular block (MC 6-2 or 6-3), and atrial fibrillation/atrial flutter (MC 8-3) were combined as major ECG abnormality. Similarly, mild Q-wave abnormality (MC 1-3), frontal plane QRS axis deviations (MC 2-1, 2-2, 2-3), high R wave (MC 3-1 to 3-3), T-wave abnormality (MC 5-1 to 5-4), ventricular premature beats (MC 8-1-2), sinus tachycardia (MC 8-7), sinus bradycardia (MC 8-8), low QRS voltage (MC 9-1), ST elevation (MC 9-2), tall P wave (MC 9-3), and combination of high R wave and either ST depression or Twave abnormality were combined as minor ECG abnormality.
Outcomes
The ARIC study conducts active surveillance to identify CVD outcomes, including annual telephone interviews of participants and/or their proxy, hospitalization surveillance of the ARIC community hospitals, and the review of death certificates, physician questionnaires, and coroner/medical examiner reports. 11 A group of ARIC physician investigators adjudicated CHD and stroke outcomes using validated protocols. For the present analysis, incident CHD was defined as definite or probable myocardial infarction, fatal CHD, or coronary revascularization. 13 Stroke was defined as sudden neurologic insult of ≥24-hour duration or a neurologic insult associated with death without evidence of a nonstroke cause of death. For the present analysis, we included definite, probable, or possible stroke. 13 HF was defined as hospitalization or death with an International Classification of Diseases, Ninth Revision, code of 428 and/or International Classification of Diseases, Tenth Revision, code I50. 14, 15 To increase the statistical power, particularly for subgroup analysis, we also investigated a composite CVD event including CHD, HF, and stroke. We also analyzed total mortality, CVD mortality (mortality caused by those 3 CVD events), and non-CVD mortality (deaths other than that caused by CVD mortality).
Statistical Analysis
STATA version 13 for Windows (StataCorp) was used throughout the analyses. Variables were compared among the 3 groups according to QRS transition zone rotation (counterclockwise rotation, no rotation, and clockwise rotation) at baseline. Chisquare test and 1-way ANOVA were used to compare differences in categorical or continuous variables across 3 groups, as appropriate. We then assessed the patterns of changes in QRS transition zone rotation from baseline (visit 1) during subsequent visits (visit 2 to visit 4). We explored baseline demographic and clinical predictors of conversions to counterclockwise or clockwise rotation from no rotation using multinomial logistic regression models ( Figure S2 ). Subsequently, Cox proportional hazards models were used to quantify the association of counterclockwise/clockwise rotation (no rotation as a reference) with outcomes of interest. We modeled QRS transition zone rotation as well as all covariates updated at every visit whenever available as time-varying variables. Figure S2 demonstrates the study scheme for changes in QRS transitional zone over time and the allocation of follow-up time corresponding to them. When updated information was not available, data from the prior visit were carried over. We implemented 4 models for the adjustment of covariates. Model 1 was unadjusted. Model 2 included demographic variables, ie, age, sex, race, and education level. Model 3 further adjusted for other established risk factors, ie, current smoking, current drinking, hypertension, diabetes mellitus, total and high-density lipoprotein cholesterol levels, and BMI. Model 4 additionally adjusted for major and minor ECG abnormalities. Finally, to evaluate potential effect modifications in QRS transition zone rotation and the incident CVD relationship, we performed subgroup analysis by age (≤55 and >55 years), sex, race, BMI (< and ≥30 kg/m 2 ), education level, smoking status, drinking status, diabetes mellitus, hypertension, and total cholesterol (<6 and ≥6 mmol/L) level at baseline using model 4.
Results

Participant Characteristics
Demographic and clinical characteristics according QRS transition zone at baseline are presented in Table 1 . At baseline, counterclockwise rotation was most prevalent (52.9%), followed by no rotation (40.5%) and clockwise rotation (6.6%). As compared with the no rotation group, individuals with counterclockwise rotation tended to be slightly older and black and to have higher BMI but a lower prevalence of current smoking, diabetes mellitus, and hypertension. In contrast, the prevalence of diabetes mellitus and hypertension was higher in the clockwise rotation group than in the no rotation group despite its younger average age and lower BMI. Also, the clockwise rotation group had a higher smoking prevalence. Baseline ECG characteristics according to QRS transition zone rotation groups are shown in Table 2 . The counterclockwise rotation group had a lower proportion of major and minor ECG abnormalities as compared with the no rotation group, except high R wave. In contrast, the clockwise rotation group showed a higher prevalence of major and minor ECG abnormalities than the no rotation group. The difference across the 3 rotation groups was particularly evident for Q wave abnormalities, ST-T abnormalities, intraventricular conduction disturbances, low QRS voltage, and tall P wave.
Pattern of QRS Transition Zone Rotation Over 9 Years
Patterns of changes in QRS transition zone rotation of all the participants who had ECG recorded at every visit from visit 1 through visit 4 are shown in Table 3 . Of those with no rotation at baseline, 42.1% remained in the no rotation group over 9 years, and 57.2% experienced either counterclockwise rotation (46.2%) or clockwise rotation (11.1%) during follow-up visits. Only 0.6% experienced both counterclockwise and clockwise rotations. Among participants with counterclockwise rotation at baseline, 72.5% stayed in the same rotation category over 9 years, and 26.7% showed no rotation at some visits. Only 0.8% of those with a counterclockwise rotation at baseline experienced clockwise rotation over 9 years. Among individuals with clockwise rotation at baseline, 33.2% stayed in the same rotation category over 9 years, but 58.4% experienced normal rotation and 8.4% had counterclockwise rotation during follow-up. As shown in Table 4 , among the predictors tested, only black race was significantly associated with higher relative odds of experiencing counterclockwise rotation compared with white race during follow-up. For conversion to clockwise rotation, diabetes mellitus was the sole significant predictor. Diabetes mellitus was also significantly associated with conversion to no rotation and clockwise rotation from counterclockwise rotation (Table S1 ).
QRS Transition Zone Rotation and Cardiovascular Outcomes
During a median follow-up time over 23 years, there were 2408 CHD events, 2196 HF events, 991 stroke events, 4124 CVD events, and 4367 total deaths (898 CVD deaths and 3469 non-CVD deaths). The incidence rate of all CVD outcomes was slightly but consistently lower in the counterclockwise group (based on time-varying information) as compared with the no rotation group (Figure 2) . Noticeably, individuals with clockwise rotation demonstrated considerably higher incidence rates of all CVD outcomes than in the other 2 groups. These patterns remained similar even after adjusting for potential confounders (Table 5) . Specifically, counterclockwise rotation was associated with lower risk of all outcomes in demographically adjusted models (model 2). Once we additionally adjusted for traditional CVD risk factors, the association was attenuated for CHD and stroke but remained significant for HF, composite CVD, total mortality, CVD mortality, and non-CVD mortality (model 3). For those significant outcomes, the further adjustment for major and minor ECG abnormality did not substantially attenuate the associations, although the relationship to HF became borderline significant (model 4). In terms of cause of death, counterclockwise rotation was more evidently associated with lower risk of CVD mortality than non-CVD mortality (adjusted hazard ratio, 0.76 [95% confidence interval, 0.65-0.88] versus adjusted hazard ratio, 0.92 [95% confidence interval, 0.85-0.99]).
For clockwise rotation, the association was not significant even in model 1 for CHD and in model 2 for stroke. Once we adjusted for traditional risk factors (model 3), clockwise rotation remained significant for HF, total mortality, CVD mortality, and non-CVD mortality. Of note, when we accounted for major and minor ECG abnormalities, clockwise rotation was associated with non-CVD mortality (adjusted hazard ratio, 1.28; 95% confidence interval, 1.12-1.46) but not with CVD mortality (adjusted hazard ratio, 1.14; 95% confidence interval, 0.90-1.
[model 4]).
We confirmed the largely consistent association between counterclockwise rotation and lower risk of composite CVD events across various subgroups after adjusting for potential confounders (Table S2) . For clockwise rotation, the association with high risk of CVD was neutral or modest across subgroups, with statistical significance only in a few subgroups.
Discussion
In our study, the counterclockwise rotation was the most prevalent ECG rotation at baseline as well as the most stable rotation during subsequent follow-up visits. Blacks were more likely to present with counterclockwise rotation compared with whites, and diabetes mellitus was associated with clockwise conversion. Modeling QRS rotation and potential confounders as time-varying variables, counterclockwise rotation showed the lowest risk of composite CVD events and mortality among the 3 rotation types. This relationship was consistent across demographic and clinical subgroups. After accounting for traditional CVD risk factors and other ECG abnormalities, HF was the only CVD outcome independently associated with clockwise rotation. Of note, in the same model, clockwise rotation was significantly associated with non-CVD mortality but not with CVD mortality.
To our knowledge, only 3 studies have specifically explored the prognostic significance of QRS transition zone rotation. [5] [6] [7] When those 3 studies and ours are compared in detail, we recognize some discrepancy. Specifically, counterclockwise rotation was significantly associated with lower CVD mortality risk in our and Nakamura et al's studies 5 but not in Bradford et al's study 6 and Aro et al's study 7 (for CHD mortality or sudden cardiac death). Of interest, Bradford et al's study demonstrated a stronger association of counterclockwise rotation with all-cause mortality than CVD mortality, but the opposite was seen in our and Nakamura et al's studies. Of interest, Aro et al's study reported a significantly lower risk of atrial fibrillation hospitalizations in patients with counterclockwise rotation versus the rest of the study population. For clockwise rotation, the association was stronger for non-CVD mortality than for CVD mortality in our study, which was contrary to Nakamura et al's and Bradford et al's studies. 5, 6 Although Aro et al's study did not investigate non-CVD mortality, clockwise rotation demonstrated a stronger association with all-cause mortality than CHD mortality. 7 We are not sure about the reasons behind this discrepancy and thus future studies are warranted in different settings. Nonetheless, it is of importance that the general pattern of counterclockwise conferring lower mortality risk and clockwise contributing to higher risk compared with no rotation is consistent among the previous 3 studies and ours. The investigation of individual CVD events including stroke as well as repeated assessments of ECG (allowing us to model QRS transitional zone as a time-varying exposure and explore baseline factors related to changes in QRS transitional zone over time) are unique to our study, which adds a few new insights to the literature. In terms of the individual CVD outcomes tested, HF appeared to be most robustly associated with both counterclockwise rotation (lower risk) and clockwise rotation (higher risk). Clockwise rotation may reflect subclinical cardiac abnormality increasing the risk of HF. Indeed, Tahara et al 16 reported dilated cardiomyopathy as a cause behind clockwise rotation. Based on repeated ECG assessments over 9 years, we confirmed counterclockwise rotation as the most prevalent and stable QRS transitional pattern and observed black race and diabetes mellitus as key correlates of conversion to counterclockwise and clockwise rotation, respectively. There are a few clinical and research implications derived from our study. Although some clinical conditions can lead to counterclockwise rotation (eg, right ventricular hypertrophy, posterior myocardial infarction, and left septal fascicular block), our results support the proposal from Bradford et al to rethink the definition of "normal" QRS transitional zone. In both Bradford's and our studies from the United States, counterclockwise rotation was most common and was associated with the lowest risk among the 3 rotation types--2 core elements to consider normality. Of interest, respect to research implications, future studies are needed to investigate mechanisms linking clockwise rotation to HF risk as well as black race and diabetes mellitus correlating to counterclockwise transition and clockwise conversion, respectively.
Study Limitations
There are some limitations that should be considered when interpreting our results. Our study included black and white participants in the United States, and thus care should be taken when generalizing its findings to other racial/ethnic groups. ECG assessments were not evenly distributed over follow-up, and thus the weight of information at visit 4 (linked to up to 14 years of follow-up) is higher than that at the other visits (on average linked to 3 years of follow-up). Nonetheless, follow-up ECGs allowed us to evaluate changes in rotation pattern over time and their correlates. Also, as in any observational study, we cannot deny the possibility of residual confounding.
Conclusions
Counterclockwise rotation was the most prevalent QRS transition zone pattern and consistently demonstrated the lowest risk of CVD and mortality. Clockwise rotation was modestly associated with higher risk of HF as well as mortality compared with no rotation. These results have implications on how to interpret QRS transition zone rotation when ECG was recorded. 
